The enzymes of the Calvin reductive pentose phosphate cycle and the hexose monophosphate pathway have been demonstrated in cell-free extracts of Thiobacillus ferrooxidans. This, together with analyses of the products of CO2 fixation in cell-free systems, suggests that these pathways are operative in whole cells of this microorganism. Nevertheless, the amount of CO2 fixed in these cell-free systems was limited by the type and amount of compound added as substrate. The inability of cell extracts to regenerate pentose phosphates and to perpetuate the cyclic fixation of CO2 is partially attributable to low activity of triose phosphate dehydrogenase under the experimental conditions found to be optimal for the enzymes involved in the utilization of ribose-5-phosphate or ribulose-1,5-diphosphate as substrate for CO2 incorporation. With the exception of ribulose-1 5-diphosphate, all substrates required the addition of adenosine triphosphate (ATP) or adenosine diphosphate (ADP) for CO2 fixation. Under optimal conditions, with ribose-5-phosphate serving as substrate, each micromole of ATP added resulted in the fixation of 1.5 ,moles of CO2, wbereas each micromole of ADP resulted in 0.5,mole of CO2 fixed. These values reflect the activity of adenylate kinase in the extract preparations. The Km for ATP in the phosphoribulokinase reaction was 0.91 X 10C3 M. Kinetic studies conducted with carboxydismutase showed Km values of 1.15 X 10-4 M and 5 X 10-2 M for ribulose-1, 5-diphosphate and bicarbonate, respectively.
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The reductive pentose phosphate or Calvin pathway for the fixation of atmospheric carbon dioxide has been demonstrated or implicated in a number of chemoautotrophic bacteria, including Thiobacillus thioparus (24) , several hydrogen bacteria (30; B. A. McFadden and C. L. Tu, Bacteriol. Proc., p. 94, 1966) , T. denitrificans (20, 27, 28) , T. thiooxidans (25) , T. novellus (2) , and Nitrobacter agilis (1) . In addition, chromatographic studies of extracts of cells of the iron-oxidizing Ferrobacillus ferrooxidans grown on 14C-and 32P-labeled media indicated that the latter microorganism was no exception. It was proposed, on the basis of such product analysis, that the Calvin cycle was operative in whole cells of the ferrobacilli (19) .
Chemoautotrophic bacteria capable of oxidiz-ing ferrous iron have been isolated from a number of geographical locations, in close association with the acidic leaching water from copper mines (5, 8, 9) or from bituminous coal mines (10, 16, 18, 26) . Although the literature refers to ironoxidizing isolates by various names-T. ferrooxidans, F. ferrooxidans, or F. sulfooxidans-all are quite similar, and it would appear, upon consideration of the descriptions given, that the cultures isolated from the several geographical locations are probably identical. It has been suggested (6, 14, 15) that the most appropriate name for all iron-oxidizing eubacteria which also oxidize some form of sulfur is T. ferrooxidans. This work shows that the Calvin cycle, as well as the hexose monophosphate pathway, are operative in cell-free extracts of the microorganisms described by Beck (5) and identified as T. ferrooxidans. In 1965, K. J. Andersen and D. G. Lundgren (Bacteriol. Proc., p. 83) reported the presence of the enzymes involved in normal glycolysis and the Krebs cycle in extracts of F.
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ferrooxidans, but they could not detect the enzymes of the hexose monophosphate pathway.
MATERIALS AND MErHODS
Cell growth. T. ferrooxidans cells were grown in continuous culture as described by Beck and Shafia (6) , and harvested with a Sharples centrifuge. The cells were separated from insoluble ferric compounds by differential centrifugation and were washed at least twice with and were suspended and stored in 0.01 N sulfuric acid at 2 to 4 C. Prior to preparation of extracts, the cells were washed three times with distilled water.
Extract preparation. Of washed cells, 6 to 10 g (wet weight) was suspended in 20 ml of distilled water with approximately 5 g of powdered glass (200-mesh) and was subjected to sonic oscillation at the maximal output of the model S75 Branson Sonifier for 5 to 7 min. Temperature was maintained below 4 C by holding the stainless-steel container in an ice-salt water bath during sonic treatment. The resultant extract was used either immediately or after centrifugation for 20 min at 20,000 X g to remove whole cells, glass powder, and debris. Better breakage of cells and higher resultant protein content of the extracts could be insured by prior treatment of the cleaned, washed cells with approximately 3 g each of IR 45 and IR 120 (Amberlite; Rohm & Haas, Co., Philadelphia, Pa.) ion-exchange resins (23) . The suspension of cells and added anion-and cation-exchange resins was shaken vigorously at ice bath temperatures for 10 min. The resins were allowed to settle, after which the cell suspension was decanted off into a separate container. The resins were washed two or three times with distilled water and the washings were combined. After centrifugation and resuspension in 20 ml of distilled water, the cells, together with added glass powder, were subjected to sonic treatment as described above. Some of the extracts used in this study were flushed with nitrogen gas, capped, and placed in a Dubnoff metabolic shaking incubator at 30 C. Samples of 0.3 to 0.5 ml were taken at desired intervals by tuberculin syringes. The samples were placed in stainless-steel planchettes, acidified by the addition of 0.1 ml of 6 N HCI, and dried under an infrared heat lamp. Acid-stable products of fixation were counted on a thin window flow counter (Tracerlab, Richmond, Calif.).
Pentose phosphate isomerase and phosphoribulokinase were conveniently assayed by replacing RuDP by ribose-5-phosphate (R-5-P) and adenosine-5'-triphosphate (ATP) in the above reaction mixture. In the presence of limiting concentrations of ATP, the phosphoribulokinase activity became the rate-limiting step in the fixation of C02, thus permitting kinetic studies to be made on this critical enzyme. A detailed study of this activity in extracts of T. ferrooxidans has been reported (12) . Pentose phosphate isomerase was also determined spectrophotometrically by the method of Axelrod and Jange (3) .
Phosphoglycerokinase, triosephosphate dehydrogenase (25), glucose-6-phosphate (G-6-P) dehydrogenase (17) , and transketolase (13) were determined spectrophotometrically by current methods, as indicated. Aldolase activity was measured by the ability of extracts to form 3-phosphoglyceraldehyde (3-GAP) from fructose-1, 6-diphosphate (FDP). The 3-GAP was determined by use of commercial triosephosphate dehydrogenase. Phosphogluconic acid dehydrogenase activity was determined by allowing extract to act on 6-phosphogluconic acid produced by the action of commercial G-6-P dehydrogenase on G-6-P. Production of reduced nicotinamide adenine dinucleotide phosphate (NADPH2) before and after addition of extract was observed as an increase in OD at 340 miu. Phosphohexoisomerase was determined by replacing the G-6-P in the G-6-P dehydrogenase reaction by fructose-6-phosphate (F-6-P). Commercial dehydrogenase was used to remove rapidly any G-6-P formed. Approximately 7% contamination of the commercial F-6-P by G-6-P necessitated prior incubation of this substrate with the G-6-P dehydrogenase before addition of extract. Once having demonstrated phosphohexoisomerase activity in the extracts, fructose diphosphatase was determined by measuring the rate of G-6-P formation by the action of extract on FDP.
Transaldolase was qualitatively determined by a procedure coupling several endogenous activitiespentose phosphate isomerase, transketolase, transaldolase, and phosphohexoisomerase. The success of this procedure depended upon the ability of extracts to produce G-6-P from R-5-P. G-6-P dehydrogenase was added to allow rapid detection of the G-6-P.
The products of CO2 fixation were separated by paper chromatography, on 18 by 22 inch (45.7 by 55.9 cm) sheets of Whatman no. 1 papers prepared according to the method of Eggleston and Hems (11) .
Reaction mixtures were deproteinized after 5 to 9 hr by the addition of perchloric acid to a final concentration of 7 to 10%. RESULTS Cell-free extracts of T. ferrooxidans were found to fix rapidly carbon dioxide in a system consisting of Tris buffer, MgC12, labeled sodium bicarbonate, RuDP, and extract. With the crude extract preparations used in this study, R-5-P and ATP could be substituted for the RuDP, with comparable rates and amounts of fixation, whereas the use of 3-GAP, FDP, or 3-phosphoglyceric acid (3-PGA) with addition of reduced nicotinamide adenine dinucleotide (NADH2) allowed lesser amounts and rates of fixation ( Table 1) . As a rule, R-5-P and RuDP were essentially quantitatively converted to labeled products, whereas lower levels of fixation were noted for the other substrates, which, like R-5-P, required ATP for fixation. A small amount of fixation was obtained with either G-6-P or F-6-P alone, but the addition of F-6-P to reaction mixtures containing 3-GAP resulted in greater fixation than with either of these compounds alone ( Table 2) .
The principal product of fixation with R-5-P, FDP, or 3-GAP was shown to co-chromatograph with known 3-PGA and to react in a fashion identical to that of authentic 3-PGA in specific enzyme assays (glyceraldehyde-3-phosphate dehydrogenase). In addition to this major product, a smaller amount of phosphoenolpyruvic acid (PEP) was also formed by all reaction mixtures and was demonstrated by co-chromatography. Those reaction mixtures containing FDP or 3-GAP also showed a small amount of labeled G-6-P, a product which appeared in small amounts in tests with R-5-P as substrate only when NADH2 was added to the initial mixture. The ability of these extracts to utilize R-5-P as substrate for ATP-dependent CO2 fixation, with formation of labeled 3-PGA, is ample proof of the presence of active pentose phosphate isomerase and phosphoribulokinase as well as carboxydismutase. The accumulation of a cysteine-arbazole positive substance by incubation of the extracts with R-5-P (Table 3) is a further indication of the presence of pentose phosphate isomerase.
The effect of varying ATP concentration on the rate of ATP-dependent CO2 fixation is shown in Fig. 1 competitive inhibition of phosphoribulokinase by adenosine-5'-monophosphate (AMP) in these extracts have appeared elsewhere (12) . In addition to the effect on rate of ATP-dependent CO2 fixation, ATP has been found to have a profound effect on the amount of fixation achieved (Table  4) . Each micromole of ATP added to the reaction vessel resulted in the fixation of 1.5 ,moles of CO2. Adenosine-5'-diphosphate (ADP) may substitute for ATP in these crude extracts, which have been shown to contain adenylate kinase of the enzymes involved in this cycle may be absent or reduced in activity in the extract preparations. Therefore, a study was conducted to determine whether the various enzymes of the Calvin or the associated hexose monophosphate pathway could be detected in these cell-free preparations, and whether the relative activities of these enzymes might account for the accumulation of labeled products as described above. The results of this study are summarized in Table 5 . The activity of triose-phosphate dehydrogenase was markedly enhanced by the presence of GSH, as was the case with the similar enzyme from T. thiooxidans (25) , and the reported activity shown in Table 5 is based upon experiments in which this reducing compound was included in the mixture. However, the addition of GSH to crude systems utilizing R-5-P was found to cause serious inhibition of CO2 fixation, and for this reason was generally omitted from reaction mixtures involving the incorporation of labeled CO2 . The accumulation of 3-PGA as the principal product of CO2 fixation in these cell-free systems was, therefore, probably due at least in part to the restricted activity of this critical enzyme.
The assay for two of the enzymes of the hexose monophosphate pathway is shown in detail in Fig. 4 . Although ATP was not required for 6-phosphogluconic acid dehydrogenase activity, its presence did appear to enhance the rate of reaction, probably because of removal of the product ribulose-5-phosphate in the strongly favored formation of RuDP. At pH 8.0, normally employed for CO2 fixation studies and optimum for the G-6-P dehydrogenase enzyme, the activity of the 6-phosphogluconate dehydrogenase was markedly less than at pH 7.0.
Transaldolase and the production of G-6-P from R-S-P. The ability of extracts to produce G-6-P from R-5-P, which involves the action of transaldolase and several other endogenous enzymes, is shown in Fig. 5 . In the presence of added ATP, very little G-6-P was found to accumulate. Equilibrium obviously favors the formation of RuDP in the presence of ATP (J. Hurwitz, Federation Proc.).
DISCUSSION
The demonstrated pre-ence of the enzymes of the Calvin cycle in cell-free extracts of T. ferrooxidans suggests this pathway is operative in whole cells of this microorganism. Although rates of reaction are reported for the various enzymes in the text of this work, these figures are intended only to demonstrate a detectable level of activity and do not necessarily reflect the true activities within the living cell. No attempt was made to ascertain optimal conditions for each enzyme studied, and assay conditions were generally selected on the basis of literature reports on similar enzymes from other sources. The reported rates do, however, serve to provide possible reasons for the appearance of certain compounds among the products of CO2 fixation by cell-free extracts as determined in the laboratory, as well as the varying amounts of fixation obtained with different substrates. The assessed rates are, of course, subject to considerable error introduced by possible side reactions that interfere with the particular enzymatic activity under examination. Furthermore, the process of extract preparation and storage may have inactivated some of the enzymes or reduced their activity from that normally found within the cell.
It would be difficult, indeed, to arrive at a single set of conditions in which each enzyme of the entire cycle would be operating optimally. Therefore, although numerous attempts have been made to obtain cyclic regeneration of RuDP for the fixation of CO2 in cell-free systems to which only NADH2, ATP, and RuDP are added, consistent evidence for such regeneration is lacking. R-5-P and RuDP were quantitatively converted to labeled products, primarily 3-PGA. The accumulation of 3-PGA was probably the result of low specific activity of triosephosphate dehydrogenase in the extracts. Some slight activity of this enzyme was evident, since 3-PGA itself could serve as a substrate for significant amounts of fixation, provided that NADH2 was also added to the reaction mixture. The fixed CO2 observed with 3-PGA in the absence of NADH2 was possibly due to conversion to PEP and subsequent carboxylation of this compound. No attempt was made, however, to find these fourcarbon compounds. Greater amounts of fixation were noted with the use of intermediate compounds beyond the reductive step as substrates. FDP and 3-GAP served as good substrates for ATP-dependent CO2 fixation, especially when used in combination. The use of either or both of these compounds in the absence of added NADH2 resulted in the appearance of labeled G-6-P, a compound which appeared in reaction mixtures utilizing R-5-P as substrate only when NADH2 was also added. The G-6-P, in any case, represented only a small fraction of the total fixed CO2.
It is conceivable that, although most of the pentose phosphate required for CO2 fixation arose from FDP and 3-GAP through the transketolase and transaldolase pathway, some Ru-5-P may have been produced through the conversion of FDP to G-6-P and subsequent decarboxylation through the hexose monophosphate shunt. The result of this would be the production of NADPH2 from small amounts of nicotinamide adenine dinucleotide phosphate (NADP+) present in the extract. This, in turn, may have caused the reduction of nicotinamide adenine dinucleotide (NAD+) through a transhydrogenase reaction, to provide the necessary reducing power required by the triosephosphate dehydrogenase reaction. The end result of this would be the formation of labeled G-6-P from labeled 3-PGA. Such a scheme could account for the appearance of the labeled G-6-P in the absence of added NADH2 in those reaction mixtures containing FDP or 3-GAP. Although these extracts can effect the formation of G-6-P from R-5-P, as long as excess ATP is not present, the G-6-P produced through transketolase and transaldolase would not be labeled. In the presence of ATP, R-5-P is quantitatively converted to RuDP, leaving no available avenue for the production of NADH2. Any reduction of 3-PGA which arises from the fixation of CO2 utilizing R-5-P or RuDP must come at the expense of added NADH2. Thus, labeled G-6-P would be expected to appear in reaction mixtures containing R-5-P or RuDP only when NADH2 is also added.
No specific attempt was made to measure the activity of pentose phosphate epimerase, considered to be essential to normal functioning of both the Calvin and hexose monophosphate pathways, and responsible for the interconversion of Ru-5-P and xylulose-5-phosphate. The latter compound normally arises through those reactions catalyzed by transketolase during the production of pentoses from hexoses. Although it may also be an intermediate in the formation of hexose-phosphate from R-5-P by extracts of T. ferrooxidans, as demonstrated in this study, its production is not obligatory, since a number of ketoses, including Ru-5-P, may serve as donor of the active glycolaldehyde in the transketolase catalyzed reaction (22) .
